Abstract
Introduction

43
In geothermal exploitation of sedimentary rocks, it is crucial to adequately predict the regional aquifer 44 distribution. Often geological data is sparse and property extrapolation is required over large distances. 
(2006). Well-log correlation is based on 'End-of-well reports' (NLOG, 2017).
61 62
The aquifer in the geothermal wells of Figure 1 is interpreted as the Delft Sandstone Member which is 63 part of the Lower Cretaceous Nieuwerkerk Formation (e.g., Van Adrichem Boogaert chriand Kouwe, 64 1993; Den Hartog Jager, 1996; Wong, 2007, Donselaar et al., 2015) . This member is 65 characterised as a syn-rift, sandstone-rich interval ranging in age from Valanginian to Early 66
Hauterivian, deposited in a meandering fluvial environment. Regional transgression and subsidence 67 resulted in an increasingly marine character of the overlying sediments ranging from the restricted 68 marine Rodenrijs Claystone Member to the marine Rijnland Group (Figure 2 ). 69 70 71 
75
The interpretation of the Delft Sandstone Member as a single sandstone-rich interval in the upper 76 section of the Nieuwerkerk Formation (Figure 3-A) is derived from lithostratigraphic regional well-log 77 correlation from numerous hydrocarbon wells in the WNB (e.g., Racero-Baena and Drake, 1996; 78 Herngreen and Wong, 2007 (Figure 3-B) . The existence of two geological models that describe sandstone distribution in the 85 Nieuwerkerk Formation creates uncertainty for geothermal exploitation because both models have a 86 different impact on possible interference and aquifer thickness prediction. If the aquifer is formed by a 87 single continuous sandstone-rich interval, pressure communication could affect injectivity and 88 productivity of adjacent doublets, as is illustrated in Figure 3 -A. In contrast, pressure communication 89
is less straightforward if different sandstone-rich zones occur with limited lateral extent. In the 90 example of Figure 3 -B, claystone-dominated zones can form flow barriers or baffles between doublets 91 1 and 2. Furthermore, when the aquifer is not formed by a single sandstone-rich zone, the aquifer 92 thickness depends on the lateral extent of the sandstone-rich zones that the doublets can encounter as 93 is illustrated for doublet 2 in Figure 3 -B. Furthermore, the model in Figure 3 
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The goal of this study is to place the fluvial aquifers in a chronostratigraphic framework. The results 104 should decrease the uncertainty in the prediction of aquifer thickness for new doublet systems in the 105 WNB and contribute to optimised doublet design. To reach this goal, palynological samples from drill 106 cuttings are analysed in three geothermal wells: HON-GT-01, HON-GT-02, and PNA-GT-02 to define 107 the chronostratigraphic position of fluvial intervals and identify regional Maximum Flooding Surfaces 108 (MFS's). The analyses are used to create a framework for a well-to-well correlation from which an 109 explanation of aquifer thickness variations in the different doublets is proposed. This explanation is 110 used to interpret regional aquifer architecture in different fault blocks. 111
Data and Methods
112
Overview 113
This study was based on a combination of seismic interpretation, Gamma-Ray (GR) log correlation, 114 and palynological analysis of cuttings. In the seismic interpretation, faults were identified in our study 115 area in the WNB, which were active during deposition of the Nieuwerkerk Formation. In combination 116 with a regional structural interpretation by Duin et al., (2006) the lateral extent of these faults was 117 identified. Secondly, by utilising palynological analyses of cuttings the chronostratigraphic position of 118 each aquifer sandstone interval was identified and MFS's were interpreted. This formed the 119 framework of improved geothermal GR well-log correlation. GR logs of eleven geothermal wells in 120 our study area were used to compare fluvial architecture in different fault blocks. All results were 121 finally combined in maps that predict the lateral extent of the sandstone-rich successions in the basin.
122
An overview of the data that was used in our study is presented in Figure 4 . 
211
Palynological analysis 212
Palynological age dating formed the basis of the GR well-log correlation scheme. An overview of the 213 results is presented in Figure 7 and The results indicate that the aquifers in the four wells are not part of a single sandstone-rich 252 succession. At least two sandstone-rich zones are encountered of Valanginian and Ryazanian age with 253 limited lateral extent (Figure 7) . The Valanginian sandstone-rich zone A in HON-GT-01 relates to the 254 upper section of the sandstone-rich zone in PNA-GT-02 with the same age. In contrast, the 255
Valanginian succession in VDB-GT-04 is claystone-dominated. In this well, the aquifer is formed by a 256
Ryazanian sandstone rich-zone B that relates to the Ryazanian sandstone-rich zone in PNA-GT-02. In 257  HON Regional well-log correlation 263
In the four wells with palynological analysis, the Paratollia MFS was recognised at approximately 264 300 m true vertical depth below the Elegans MFS (Figure 8 ). In the wells without palynological 265 cuttings analysis or in wells that did not reach sufficient depth, the top and base of the Valanginian 266 succession were interpreted by extrapolation GR log patterns assuming constant thickness of the 267
Valanginian interval. The resulting correlation scheme indicates that the Valanginian interval is 268 sandstone-rich in both the Westland and Pijnacker grabens. In contrast, this interval has low sandstone 269 content in the VDB fault block (Figure 8 ). The Early Valanginian/Ryazanian interval has a low 270 sandstone content in the Westland fault block, but high sandstone content in the Pijnacker and VDB 271 fault blocks. Our correlation scheme suggests that the prevailing position of the meander belts in 272 which sand was deposited shifted from the east to the west side of the basin during the Ryazanian and 273
Valanginian. 
291
Discussion
292
Ryazanian/Early Valanginian shift of sandstone-dominated facies 293
The seismic facies interpretation of a regional westward shift of sandstone-dominated facies during the 294
Valanginian (Den Hartog Jager, 1996) is corroborated by our palynology-based correlation (Figure 9 ).
295
Because of the unidirectional nature of the shift in sandstone-dominated facies in our study, we 296 propose a tectonic origin of the shift. In absence of such tectonic control, successive meander-belt 297 avulsions and inherent compensational stacking would be the ruling processes, and a random spatial rich zone (Figure 9-B) .
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If tectonic movement had a strong impact on sedimentation, this might invalidate our 304 assumption that the Valanginian interval has a constant thickness in our study area. In that case, it 305 could be expected that the thickness of the Valanginian interval would increase in wells that are closer 306 towards the hanging wall of grabens. However, we expect that this would not have a significant impact 307 on the trend in Figure 8 for two reasons. Firstly, the geothermal wells in the 'Pijnacker Graben' and 308 'Westland Graben', are drilled more or less parallel to the major fault trend and therefore the thickness 309 correction would affect them equally. Secondly, in the wells with our palynological analysis an 310 approximately constant thickness was observed, despite the fact that the four geothermal wells are 311 located in different fault blocks. Additional palynological analysis in other WNB doublets, could 312 verify if the assumption is valid. described the regional aquifer architecture as a more random distribution of amalgamated sand 326 complexes with limited lateral continuity that occur throughout the Nieuwerkerk Formation. These 327 previous descriptions of the aquifer architecture were based on hydrocarbon wells on structural highs 328 in the basin. Previously aquifer thickness prediction in the grabens was uncertain without well control, 329 especially because these fault blocks might have experienced different tectonic movement. New well 330 data from the graben fault blocks and the palynological analysis of our study suggest the aquifer 331 architecture as sketched in Figure 9 . 332
Because the number of geothermal wells in the grabens is still limited, the continuity of 333 sandstone complexes is still uncertain. In the entire fluvial Valanginian to Late Ryazanian interval, 334 N/G ranges from 20% to 50% with and arithmetic average of 35% (Figure 8 ). These percentages are 335 an initial estimate of N/G, as no sensitivity study of GR cut-off value is included. Nevertheless this 336
indicates that significant volumes of claystone are preserved. The Nieuwerkerk Formation is deposited 337 by a relatively small meandering fluvial system with a paleoflow depth of approximately 4 m (e.g., 338
DeVault and Jeremiah, 2002) . The associated paleo channel width and channelbelt width are therefore 339 estimated to be approximately 40 m and 1 to 2 km, respectively (e.g., Gibling, 2006 , Bridge, 2006 .
340
The maximum width of individual sandstone bodies is smaller than the channelbelt widths (e.g., 
347
Our results have an impact on expected aquifer thickness in different fault blocks. Larger 348 aquifer thickness could be expected in the Pijnacker fault block where sandstone-dominated zones in 349 both succession overlap. Furthermore, our results affect expected aquifer depth and therefore drilling 350 costs in different fault blocks. As is illustrated in Figure 9 -C, the aquifer is found at larger depth in the 351 VDB fault block compared to the other two fault blocks. Comparison of our results with those of Munsterman (2012) shows that the Valanginian interval in 362 VDB-GT-04 has a relatively more lower coastal plain character with respect to the HON-GT doublet 363 and the PNA-GT-02 well. This could be due to a topographical difference between the fault blocks 364 during the Valanginian. The SEG analysis indicated that in the HON-GT-02 well, a relatively higher 365 fraction of 'Lowland-dry' type sporomorphs were recognised which could point at a more inland 366 location of the well compared to HON-GT-01 that is drilled more towards the paleo-coastline in the 367 north (e.g., Den Hartog Jager, 1996). The Valanginian interval of HON-GT-01 also has a higher 368 claystone content that could also be explained by a more near coastal location of this well. In addition, 369 the change in sandstone content could be explained by fault movement that directed the location of 370 sand-rich meander belt deposits towards well HON-GT-02 while HON-GT-01 was located in the 371 floodplain region. Due to the limited number of wells in our study, it is currently unclear how these 372 observations are related to the fluvial architecture, sandstone distribution and the location of the paleo-373 coastline.
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The palynological age dating gives an indication of the age of interval and is not able to 375 identify exact age boundaries or the exact location of the Paratollia MFS. The resolution of the age 376 dating is limited by the sample spacing of 10 m and the risk of caving from higher sections. 377
Uncertainty in age interpretation applies most to the Valanginian -Late Ryazanian boundary in our 378 study area. Often, our interpretation of this boundary was based on the recognition of a limited number 379 of palynological indicators. In contrast, identification of the marine Elegans MFS has a lower degree 380 of uncertainty because it was based on a combination of GR log interpretation and palynological 381
analysis. This is because GR log signals in marine intervals are more often related to sea-level changes 382 compared to GR log signals in fluvial intervals, like the Valanginian to Late Ryazanian interval in our 383 study area. In addition marine dinoflagellate cysts provide a higher resolution dating than (long 384 ranging) terrestrial spores and pollen.
385
Our results underline the importance of palynological analysis for fluvial well-log correlation.
386
These analyses enabled the identification of markers within fluvial claystone-dominated as well as 387 sandstone-dominated successions, which would not have been possible based on GR log interpretation 388 alone. 389 390 391
Conclusions 392
Based on the results of this study we can conclude that: 393
• Current WNB geothermal doublets encounter sandstone-rich zones in at least two stratigraphic 394 intervals of Valanginian age and of Early Valanginian/Ryazanian age. 395
• Sandstone-rich zones in both intervals can overlap, which accounts for the large aquifer 396 thickness in the PNA-GT-02 well. 397
• Valanginian tectonic movement induced a shift of the deposition of sandstone-dominated 398 facies from the east to the west of the basin.
399
• This shift has an impact on expected aquifer thickness and aquifer depth in different fault 400 blocks in the basin. 
